The pastfew decades have seen an escalation ofpower densities in electronic devices, and in particular in microprocessor chips. Together with the continuing trend ofreduction in device dimensions this has led to dramatic increase in the thermal issues within electronic circuits. Thermal management is therefore becoming increasingly more critical andfundamental to ensuring that electronic devices operate within their specification. Although a thermal management system may make use ofall modes ofheat transfer to maintain temperatures within their appropriate limits and to ensure optimum performance and reliability, conductive heat transfer is typically used to spread the heat outfrom its point ofgeneration and into the extended surface area ofa heatsink. To minimise the contact resistance, thermal interface materials (TIMs) are introduced to thejoint to fill the air gaps and are an essential part ofan assembly when solid surfaces are attached together. This paper willfirst review the conventional interface materials and then goes on to present a comprehensive review ofthe emerging state-of the-art research in the use ofcarbon nanotube based materials. The paper will also outline the advantages and disadvantages ofeach TIM category and the factors that need to be considered when selecting an interface material.
Introduction
It is evident that in the past few decades heat generation in both individual power devices and integrated circuits and within complete electronic systems have increased dramatically. For example the maximum thermal power dissipation, measured for the worse-case set of instructions, of a first generation Intel Pentium®) II, 233MHz processor (circa 1997) had a power dissipation of 34.8W [1] compared to the 165W [2] dissipated by the latest 64-bit dual-core Intel Xeon*) 7041 Processor (December 2005) running at a 3.0GHz clock speed. Thermal management is essential to maintain such electronic devices operating within their specification. A well designed thermal management system will maintain temperatures within the proper limits to ensure optimum performance and reliability.
In general, various interfaces will exist between the high power, heat generating component and the eventual heatsink. Some of these interfaces will consist of permanent bonds, such as solders or adhesives, but often a non-permanent interface will form part of the heat transfer path, e.g. where a component is bolted to a heatsink or between an assembled module and a chassis. When these surfaces are attached together there will almost always be only a small area of actual mechanical contact between the two surfaces at this interface, due to the micro-scale surface roughness and waviness of the surfaces as shown in Figure 1 . This will have an impact on the heat conduction across the interface, as there will be gaps filled with low thermal conductivity air. The irregularity of real surfaces is therefore a primary cause of thermal contact resistance. In order to minimise the thermal contact resistance, filler materials are therefore generally required to enhance the contact between the mating surfaces, as shown in Figure 2 . The surface flatness, or waviness, is determined by comparing the variance of the height in a specimen to that of a reference standard. For heatsinks, the attachment face should have a flatness less than 4 ptm per cm to be considered satisfactory [3] . Surface roughness (finish) is defined as the average deviation from the mean surface height. In general for very low thermal resistance, a surface finish in the range of 1.27-1.5ptm is recommended [4] . However, a study by researchers at Thermalloy, using a copper TO-204 (TO-3) package with a typical 0.8 ptm surface finish, demonstrated that heatsink finishes between 0.4ptm and 1.63ptm in the presence of a thermal interface material resulted in less than a 2.5% difference in interface thermal resistance [5] .
The effective total thermal resistance at the interface between two materials is a sum of the resistance due to the thermal conductivity of the TIM and contact resistance between the TIM and the two contacting surfaces. This is generally expressed as [6] [7] .
Although the use of TIMs helps to improve heat transfer across an interface, it is widely recognised that TIMs increasingly account for most of the system total thermal resistance [8] . Direct solder attach techniques are in this respect very attractive because of their high thermal conductivities (30-86 W/mK), which can reduce thermal resistance. Solders, however, can introduce thermal stress [9] and are difficult to rework and repair, requiring high temperature processing. Even if softer solder materials are used that have low yield stresses, these suffer from poor thermal fatigue resistance and other such unfavourable metallurgical characteristics.
There are currently several types of thermal interface materials available on the market, including:
* Greases * Phase change materials * Filled polymer matrices (elastomers) and * Carbon based materials Table 1 outlines the important advantages and disadvantages of traditional thermal interface material.
More recently there has been a great deal of research carried out on developing TIMs containing carbon nano-materials such as carbon nanotubes (CNT) for improving thermal contact conductance. This has been generating a lot of interest within the microprocessor manufacturers and reportedly [10] Intel is investigating the feasibility of using carbon nanotube based polymer composites as the thermal interface material between a microprocessor chip and the heat sink. There are also metallic foils, solders and metallic coatings used in certain applications. [19] , whereas avionics and telecommunication devices are expected to survive for decades.
* Cost
There is a complex relationship between the variables outlined here which will determine the choice of interstitial material and ultimately, performance, cost and manufacturability concerns dictate the tradeoffs that are made during TIM selection for a particular application.
Thermal Greases
Thermal greases are generally made of two primary components i.e. a polymer base and ceramic or metallic fillers. Silicone is commonly used as the base for its good thermal stability, wetting characteristics and low modulus of elasticity [20] . Ceramic fillers such as alumina, aluminium nitride, zinc oxide, silicon dioxide and beryllium oxides have been used. Also silver and aluminium are common metallic fillers used. The base material and fillers are mixed to form a paste that can be applied to mating surfaces. When applied to "rough" surfaces that are pressed together, the grease flows into all the voids to remove the interstitial air.
In general the higher the loading (i.e. the filler fraction) in thermal grease, the higher is its thermal conductivity. However this is governed by the polymer viscosity and wettability. Particle size is also an important factor in the polymer mix as particles can act as spacers between the surfaces and affects the bond line thickness and hence the thermal resistance. It is also found [20] that an optimised particle size distribution provides the processing benefits of a lower viscosity material. By mixing particles of different sizes, a much lower viscosity can be achieved than with the same volume fraction of mono-sized particles.
Although a very thin thermal joint is possible the main disadvantage of greases is that any excess grease will flow out of the joint area past the edges which may cause contamination to other components. Thermal greases provide very low thermal resistance between reasonably flat surfaces. Grease does not provide electrical insulation between the two surfaces. Also with the presence of power cycling and expansion and contraction the grease will migrate due to the so-called "pump-out" effect [6] . It can also dry out over time which will eventually starve the joint of thermal conduction path. Furthermore, joint integrity has to be sustained by some means of mechanical hardware. The failure mechanisms are strongly dependent on the device temperature and number of on/off cycles. The Dresden, Germany sides with the non-silicone thermal grease that is naturally tacky but dry-to-the-touch. It's not waxbased and it is claimed to offer thermal conductivities in the range 0.9-5W/mK [23] and thermal resistance of 0.13-0.2 'Ccm2/W which is similar to that of modem grease products but without the issues outlined above. Phase Change Materials Phase change materials (PCM) have traditionally been low temperature thermoplastic adhesives that typically melt in the 50-80°C range [6] and come in a variety of configurations with fillers to enhance their thermal conductivity. However, other all-metal phase change materials have been developed that are based on low melting alloys and shape memory alloys. Phase change materials are generally designed to have melting points below the maximum operating temperature of the electronic component. Too low a phase change temperature however would raise the likelihood of the TIM to a phase change due to environmental high temperatures.
Thermal pads
The key feature of thermal pads is their ability to change their physical characteristics. At room temperature they are solid and firm and easy to handle. As the electronic component reaches its operating temperature, the phase change material softens and with the clamping pressure it eventually starts to flow like a grease into the voids in the joint. The material fills the air gaps and voids improving the thermal flow at the interface between components and heatsinks. They have an advantage over thermal greases in that they generally do not suffer from pump-out effects and dry-out problems [20] .
Low Melting Alloys (LMAs)
Phase change thermal interface materials have been developed [24] [25] [26] [27] based on low melting point alloys. The alloy used will depend on the application. Alloys will need to be in a liquid state below the operating temperature of the electronic component to flow into all the surface asperities. Bismuth, indium, gallium and tin based alloys are amongst the commonly used alloys [24] . Cadmium, lead and mercury based alloys are generally avoided due to their toxicity and environmental issues.
LMAs provide an all metal heat path similar to solders but LMAs are formulated to melt below the operating temperature of the device and since they contain no organic materials, do not require curing during application. LMAs however have their drawbacks. Drip-out can be a problem particularly in vertically oriented interfaces [25] . Thermal cycling has been shown to lead to creation of voids in the interface. Intermetallic growth, oxidation/ corrosion also lead to the gradual decrease in performance and the eventual thermal failure [25] . Corrosion may however be minimised by using a near hermetic seal between the package lid and package substrate [26] .
Several [28] that includes a thermal grease and either one or a mixture of shape memory alloy particles dispersed in it. It is claimed that shape memory alloys enhance the thermal contact between the electronic device and the heatsink. This takes advantage of shape memory alloys (SMA) temperature-dependent martensitic phase transformation property. When the electronic device is in use, the rise in temperature causes the shape memory alloy to undergo a phase transformation from a low temperature martensitic phase to the high temperature austenitic phase. The SMA is dispersed in the thermal grease at the operating temperature of the heat source and applied at the interface between the heat source and the heatsink at the operating temperature of the device. It is subsequently cooled to solidify to form the interface. It is claimed that the above procedure results in the shape memory alloy to memorise the relative position of the TIM between the heat source and heat dissipating device to which it will return when heated. In this invention Chen et al., have used silver colloid or silicon colloid as the thermal grease and experimented with SMA fillers such as nano-CuNiTi, nano-CuAlZn, and nano-NiTiAlZ with particle diameters ranging from 10 to 100 nanometres.
Exfoliated Clay
Matabayas et al. [29] have patented a nanocomposite PCM that is comprised of one or more polymers, thermally conductive fillers and exfoliated clay materials. The process of exfoliation of the clay into the thermal interface material causes the clay particles to become dispersed as very small platelets with aspect ratio higher than 200 and high surface area. Because of this high aspect ratio only small amounts of clay particles less than 1Owt% is required to make significant improvement in the thermal performance of the TIM. It is also claimed that these particles slow the diffusion of oxygen and water through the interface material. The release of volatile components is also slowed improving the reliability and performance of TIM from reduced pump-out and dry-out.
Fusiblelnon-fusible fillers
Jayaraman et al. [30] patented a thermal interface material made of a polymer such as silicone combined with fusible fillers, such as solder powders, which form a polymer-solder hybrid TIM. During curing, the solder particles reflow to fuse together forming a network of high thermal conductivity structure. Non-fusible fillers may also be added to create a blend of fusible and non-fusible fillers in the phase change material to strengthen the TIM mechanical properties. The non fusible particles will also add to the thermal conductivity of the matrix as heat is conducted by percolation (i.e. the point-to-point particle contact). Non-fusible particle filler materials tested include aluminium or zinc oxide, aluminium, boron nitride, silver, graphite, carbon fibres, diamond, and metal coated fillers such as metal coated carbon fibre or metal coated diamond. They recommend fusible filler in the range of approximately 60-90wt% and that of non-fusible filler of 5-50wt% in the thermal interface material.
It is claimed that mixing fusible and non-fusible fillers offers a TIM with higher overall conductivity than a TIM filled with non-fusible particles for a given amount of filler by percent weight. Thermally Conductive Elastomers (Gels) Thermally conductive elastomeric pads generally consist of a silicone elastomer filled with thermally conductive ceramic particles and may be reinforced with woven glass fibre such as Chomerics THERM-A-GAPTmF574 thermally conductive elastomer [31] or dielectric film such as Thermaflow 8024SPK series using Kapton for mechanical strength [32] . Since elastomers provide electrical insulation, they are generally used under devices that require electrical isolation. Elastomeric TIMs do not flow freely like greases and to conform to surface irregularities will require sufficient compressive load to deform [33] . At low pressures the elastomer cannot fill the voids between the surfaces and the thermal interface resistance is high. As pressure is increased, more of the microscopic voids are filled by the elastomer and the thermal resistance decreases [33] . A permanent mechanical fastener is required to maintain the joint once assembled. The thermal resistance achieved is dependant on thickness, clamping pressure and bulk thermal conductivity. For example, the Chomerics THERM-A-GAPTmF574 at a clamping pressure of 70 kPa can yield thermal resistances in the range 3.9-10.3°Ccm2/W for material thicknesses between 0.5 1-2.5mm [31] . To improve the thermal performance of vertically aligned carbon nano-fibres (VACNFs) Ngo et al. [38] filled the gaps between the fibres with copper. Copper was used as a gap-fill material to enhance the lateral heat spreading and also provide mechanical stability. This technique gives increased contact surface area to the target material. Experimental results have demonstrated trends indicating viability of these composites as a thermal interface material. It is claimed to yield thermal resistance values of 0.25°Ccm2/W with the particular contact measurement technique at clamping pressures of 414kPa.
Graphiteflakes
There are also other graphite based TIMs developed which are fabricated from highly pure graphite flakes in the form of flexible sheets [39] . A collection of exfoliated graphite flakes so called worms are compressed together without a binder to form a cohesive flexible sheet [40] [41] [42] . These flexible materials were originally intended for gaskets for fluid sealing applications such as head gaskets for internal combustion engines [40] . These materials are naturally porous and this characteristic has been exploited to develop specific grades of flexible graphite sheets [40] for TIM applications by impregnating the sheets with polymers such as mineral or synthetic oils to improve its performance. Smalc et al. [40] achieved thermal conductivities of around 5.7W/mK using a 0.13mm thick polymer impregnated 1200 series Graphite sample from Graftech Inc [41] . Flexible graphite is effective as a thermal interface material if the thickness is low(O.13mm) [42] . However it also requires higher contact pressure than other interface materials and is attractive for its thermal stability.
Carbon nanotubes
Carbon nanotubes are a form of pure carbon which look like a powder or black soot, but in actual fact they are hollow strands, thousands of times thinner than a human hair [43] . CNTs have onedimensional structures with diameters ranging from Inm to several nanometers and lengths from 100nm to hundreds of microns. A single-walled carbon nanotube(SWNT) consists of a single sheet of graphene that is rolled into a cylindrical shell with a diameter of about Inm. A multi-walled CNT is however a stack of graphene sheets wrapped into concentric tubes with a diameter in the order of 10 nm. The walls of each layer are parallel to the central axis.
Mutiwalled carbon nanotubes (MWNT) can have thermal conductivities as high as 3000W/mK in the axial direction for individual multiwalled nanotubes [44] . However, taking into account the volume filling fraction of the CNTs the effective thermal conductivity is -200W/mK [45] . Other reports suggest that conductivities can be as low as 15W/mK [45] and 27W/mK [46] for discrete MWNTs. This wide variation can be attributed to the inherent disordered nature of CNTs grown using CVD processes [38] .
Microprocessor manufacturers have been exploring the possibility of using CNT based polymer composites [47] [48] that Infineon Technologies AG will be using carbon nanotubes in a line of their power devices.
There has been a great deal of research carried out to formulate thermal interface materials containing carbon nanotubes [43] . Most common nanotube based TIMs fall in three main categories. In order of manufacturing complexity these are: homogenous mix of CNTs and CNT with metallic particles within a polymer matrix [47,10,49-52], vertically aligned growth of CNTs on a substrate [53] [54] [55] [56] [57] [58] [59] and more recently aligned growth on both surfaces between a chip and a heat spreader [59] [60] [61] 44] . A review of the literature detailing these developments is given below.
Hu et al. [49, 50] have used multiwalled CNTs as a filler in standard mechanically compliant matrix material such as silicone oil filled with thermally conductive particles such as nickel [49] and ZnO [50] . Hu et al. found that the rheological and mechanical properties of CNT filled TIMs become unacceptable beyond 300 volume concentrations of CNT. At levels below 300 of CNT, the increase in the effective conductivity that can be achieved is less than a factor of two compared to that of the traditional TIM composites with the same amount of Ni spheres but with no CNTs.
Although CNTs have exceptional chemical and physical properties, they are not easily incorporated into other materials due to their poor dispersion within a matrix and poor adhesion to the host material [51] . Zyvex have developed a technology, Kentera M that provides both adhesion and dispersion of CNTs to the matrix. Using this process Zyvex claim to have managed to successfully suspend highly concentrated amounts of carbon nanotubes (CNTs) in solvents [52] . This technology has been incorporated into most polymer matrices, including epoxies, adhesives, polyurethanes and thermoplastics. Using KenteraTM they have produced a SWNT/polyurethane composite mixture which is cast in the form of a flexible, semi adhesive material whose thermal conductivity is claimed to be 4 times that of polyurethane.
Hu et al. [53] have also developed a technique that uses carbon nanotubes that are grown vertically from one surface and forced into contact with the opposing surface. This technique yields high effective thermal conductivity in the direction of propagation. The flexible nature of the CNT also yields lower thermal stresses. There still remains the challenge of reducing the thermal resistance between the CNT and the opposing surface. Hu et al. [53] found that the contact thermal resistance between the vertically aligned CNT film and the surface to be very large even with increased contact pressure. They have construed that this problem may be due to the non uniform height of the CNTs in the film, resulting in not all CNTs contacting the opposing surface.
Montgomery et al. [54] of Intel patented an invention that relates to a process of forming a TIM containing carbon nanotubes. A polymeric material such as polycarbonate, polypropylene or acetal is injected around bundles of aligned nanotubes grown on a substrate to produce a polymeric/carbon composite. The supporting substrate upon which the nanotubes were originally formed is removed by a mechanical grinding or chemical etching process and the resulting film placed between the electronic device and a heatsink or other cooling structures.
Lee et al. [55] developed a TIM matrix with Ethylene Vinyl Acetate (EVA) resin filled with carbon nanotubes and liquid crystal(LC). The well ordered alignment of the CNTs is achieved by the LC microstructure to form a well ordered CNT-LC matrix which is claimed to have thermal conductivity 3 to 5 times higher than some traditional TIMs.
Matabayas [56] has also filed an invention whereby a thermal interface material has been prepared with aligned carbon nanotubes. Carbon nanotubes are combined with an alignment material such as clay or liquid crystal material. When the alignment material is aligned it causes the carbon nanotubes to become aligned and hence conduct heat more efficiently. It is reported that in a formulation comprising of silica clay and single walled carbon nanotubes, mixed with an alpha-olefinic resin matrix, thermal conductivities in excess of 1 00W/mK were achieved.
Osiander et al. patented a method for creating a thermal interface material which included an array of perpendicularly aligned carbon nanotubes from a substrate [57] . Uniformly spaced metal catalyst particles are deposited on a substrate and carbon nanotubes are grown on the particles using chemical vapour deposition. In one scheme, metal catalyst particles are arranged with a particular ligand on a fluid surface of a Langmuir-Blodgett trough forming uniformly spaced particles with the spacing based on the particular ligand. Using this method they produced a TIM with CNT packing ratio greater than 5000.
Damon [58] describes an invention relating to a thermal interface material comprising of conductive nanostructures aligned with the application of an electric field. Single walled carbon nanotubes, multi walled carbon nanotubes and silver nano-fibres have been included within a matrix material which acts as the wetting and supporting agent for the conducting components.
In another development a process has been described where an integrated circuit package is formed that utilises a thermal interface material layer containing an aligned array of carbon nanotubes [59] . A diamond layer is formed on a heatsink or heatspreader by chemical vapour deposition(CVDD). An array of carbon nanotubes is then grown by a plasma discharge process on the surface of the CVDD layer or on the surface of the die. The two are then fastened together with the nanotubes thermally coupling the surfaces of the die and heatsink.
Researchers from Stanford University [59] [60] [61] have discovered that adding oxygen to the gas mixture during plasma-enhanced chemical vapour deposition can boost the growth of vertical arrays of SWNTs. The process grew densely packed SWNTs over 4 inch wafers of SiO2/Si coated with iron clusters of about 1.3nm in diameter. The diameter of these hollow, single-walled fibres is 10,000 times smaller than that of a human hair. They have also developed a method for lifting the nanotubes off their original growth substrate and transferring them onto materials incompatible with the high temperatures required for nanotube growth such as plastics and metals. The group have begun tests to determine the effectiveness of these SWNT wafers as a thermal interface material, conducting and dissipating heat away from computer chips.
Zhang et al. [62] used multi-walled carbon nanotubes (MWNT) and carbon black in a thermal interface material specifically formulated for use in a high brightness light emitting diode(HB-LED) packaging. The particular formulation comprised of 2wt% of MWNT and 1Owt% carbon black as fillers in an epoxy resin matrix to form the TIM. The mixture was optimised to have a curing temperature of 140°C and glass transition temperature of 147°C suitable for HB-LEDs.
There has evidently been a growing interest in carbon nanotubes due to their unique thermal and rheological properties. CNTs are obviously attractive in thermal interface materials applications. However though research in this field is ongoing, widespread use of carbon nanotube based TIMs seems a long way off [63] . Discussion 
and Conclusions
The total thermal resistance of an electronic assembly generally comprises of the thermal resistance of the device itself, the TIM thermal resistance which includes the interface contact resistances and the heat dissipation to the ambient. As an example, it has been reported [64] that for a Pentium 2 processor, the TIM accounted for 15% of the total allowable thermal resistance and if the same TIM had been used for a Pentium 4, with 6.l1% increase in heat flux, then the TIM would have used 80% of the thermal budget. And, as it is clear increase in power dissipation is a trend that is set to continue and as such there is going to be a need for thermal interface materials with higher performance, lowest thermal resistance and long term reliability.
Conventional thermal interface materials have been reviewed and developments in each TIM category has been explored.
Since the discovery of carbon nanotubes and the realisation of their potential in the manufacture of thermal interface materials, there has been a growing level of research activity in this area. Many research papers have been published and patents filed some of which have been detailed in this article. However, it is apparent that great many challenges will need to be overcome before CNT based TIMs can be available that can be easily applied and with the expected reliability. One such challenge is in the case of vertically oriented CNTs that are grown from one surface and forced into contact with an opposing surface. Although this technique can potentially yield high thermal conductivity in the direction of propagation, achieving low thermal resistance between the CNTs and the interface opposing the growth surface remains a challenge [65] .
